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SUMMARY 

The  discovery  of  fatigue  cracks  at  'vlt  holes  in  the  wing  main  spar  of  many  RAAF 
Mirage  1UO  aircraft  prompted  an  investigation  into  the  residual  strength  of  cracked 
specimens  representing  the  critical  section  of  the  spar.  Fatigue  cracks  were  grown  at  the 
bolt  holes  of  these  specimens,  which  were  frequently  inspected  to  monitor  the  crack  length. 
The  specimens  were  then  broken  in  static  tension,  the  fracture  surfaces  photographed 
and  the  lengths,  depths  and  areas  of  the  fatigue  cracks  measured. 

Using  only  the  data  available  from  the  non-destructive  inspection  made  just  prior 
to  the  static  failure  it  was  not  possible  to  predict  accurately  the  specimen  residual  strength 
though  it  was  possible  to  estimate  a  lower  bound.  Crack  lengths,  as  estimated  by  the 
NDl  technique  used,  were  close  to  the  measured  crack  lengths,  though  usually  greater. 
Using  the  measured  crack  lengths,  depths  and  areas  it  was  not  possible  to  predict  accurately 
specimen  residual  strengths,  though  results  were  better  than  if  information  obtained  only 
by  NDl  were  used.  Fracture  mechanics  techniques  could  not  be  used  to  predict  residual 
strengths  because  of  a  lack  of  suitable  Stress  Intensity  factor  solutions. 
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1.  INTRODUCTION 


The  discovery  of  fatigue  cracks  at  the  innermost  bolt  holes  along  the  lower  rear  flange  of 
the  wing  main  spar  (Figs  1  and  2)  in  a  large  number  of  Mirage  IIIO  aircraft  in  the  Royal 
Australian  Air  Force  (RAAF)  fleet  prompted  a  comprehensive  investigation  (Refs  1  and  2) 
to  explore  methods  for  extending  the  spar  fatigue  life.  The  most  critical  section  of  the  spar  was 
the  first  bolt  hole  and  associated  single-leg-anchor-nut  (SLAN)  rivet  holes;  this  section  will  be 
referred  to  in  the  remainder  of  this  Report  as  the  SLAN  section. 

Non-destructive  inspections  of  the  bolt  hole  at  the  SLAN  section  in  service  aircraft  indicated 
a  wide  range  of  crack  sizes,  some  of  which  were  considered  large  enough  to  endanger  the 
structural  integrity  of  particular  aircraft  under  normal  operating  conditions;  consequently 
the  normal  operating  g  placards  were  reduced  for  these  aircraft.  However,  if  realistic  loading 
limitations  are  to  be  imposed  on  in-service  aircraft  then  information  on  the  residual  strength 
of  the  cracked  structure  is  essential.  In  an  attempt  to  provide  this  information  a  number  of 
specimens  (of  the  same  type  as  used  in  the  investigation  reported  in  Refs  1  and  2)  was  fatigue 
tested  until  cracks  of  various  sizes  were  developed  at  the  first  bolt  hole,  after  which  they  were 
loaded  statically  until  failure. 

The  results  of  this  investigation  and  associated  examinations  of  the  fracture  surfaces  to 
provide  information  on  the  accuracy  of  the  non-destructive  inspection  equipment  used  by  the 
RAAF  are  given  in  this  Report. 


2.  TEST  MATERIAL  AND  SPECIMENS 

Four  batches  of  A7-U4SG*  aluminium  alloy  plate  procured  by  the  RAAF  were  used  for 
the  manufacture  of  specimens.  Details  of  the  test  material  are  as  follows. 


(i)  Batch  l  (ARL  Serial  No.  GK) 

One  piece  of  46  mm  thick  A7-U4SG-T651  plate  measuring  854  mm  wide  by 
2906  mm  long. 

(ii)  Batch  2A  (ARL  Serial  No.  GN) 

Four  pieces  of  48  mm  thick  A7-U4SG-T351t  plate  measuring  1250  mm  wide  by 
500  mm  long. 

(iii)  Batch  2B  (ARL  Serial  No.  GT) 

Three  pieces  of  48  mm  thick  A7-U4SG-T351f  plate  measuring  1254  mm  wide  by 
793  mm  long. 

(iv)  Batch  3  (ARL  Serial  No.  GZ) 

Three  pieces  of  55  mm  thick  A7-U4SG-T651  plate  measuring  1000  mm  wide  by 
2000  mm  long. 

*  This  is  equivalent  to  the  American  aluminium  alloy  2214. 

t  The  specimens  from  Batches  2 A  and  2B  were  aged  to  the  — T651  condition  by  heating  to  160°C 
±  3°C  for  20  hours  immediately  prior  to  the  machining  of  the  bolt  and  rivet  holes. 


1 


The  specimens  (Fig.  3)  were  low-shear-load-transfer  bolted  joints  designed  to  represent 
the  spar  flange  at  the  critical  location.  They  were  taken  from  the  plates  with  their  longitudinal 
axes  parallel  to  the  rolling  direction  of  the  plates.  After  Anal  failure  some  specimens  from  each 
material  batch  were  used  to  provide  tensile  test  specimens  and  compact  tension  fracture 
toughness  specimens.  The  tensile  specimens  were  taken  from  the  test  section  of  the  parent  fatigue 
specimens  and  the  fracture  toughness  specimens  (of  25  mm  thickness)  were  manufactured  from 
an  end  portion  (Fig.  4).  The  slit  plane  of  the  fracture  toughness  specimens  was  perpendicular 
to  the  axis  of  the  parent  fatigue  specimen,  giving  crack  growth  in  the  same  direction  as  that  of 
the  fatigue  crack  in  the  fatigue  specimens.  The  results  of  the  tensile  and  compact  tension  fracture 
toughness  tests,  together  with  the  chemical  composition  of  the  plates  are  given  in  Table  1. 

The  fatigue  specimens  were  originally  designed  directly  from  drawings  of  the  Mirage  IIIO 
wing  main  spar.  Subsequent  detailed  examination  of  spars  from  crashed  aircraft  and  in-service 
wings  (Ref.  3)  indicated  a  number  of  discrepancies  at  the  SLAN  section  between  the  actual 
spars  and  the  drawings.  The  two  most  significant  discrepancies  were  the  use  of  0-125  inch 
diameter  2117  aluminium  alloy  rivets  instead  of  2-5  mm  diameter  A-U4G  aluminium  alloy  rivets 
to  hold  the  SLAN  and  the  tendency  for  the  SLAN  rivet  holes  to  converge  (at  varying  angles) 
towards  the  8  mm  bolt  hole  at  the  outer  surface  of  the  spar  rather  than  be  parallel  to  it,  a  con¬ 
dition  referred  to  subsequently  in  this  Report  as  ‘inclined  SLAN  rivet  holes’. 

The  discovery  of  inclined  SLAN  rivet  holes  in  spars  made  the  refurbishment  of  the  SLAN 
section  more  difficult  and  considerably  extended  the  life-enhancement  program  (Ref.  2).  In 
the  residual  strength  program  two  (TYPE  3  and  TYPE  4)  of  the  four  inclined  SLAN  rivet  hole 
configurations  developed  for  the  life  enhancement  program  were  used,  in  addition  to  specimens 
with  parallel  SLAN  rivet  holes.  These  three  configurations  are  illustrated  in  Fig.  5,  which  also 
shows  the  numbering  system  for  the  holes  at  the  SLAN  section  and  indicates  the  orientation 
of  this  section  of  the  specimen  with  respect  to  the  Mirage  wing  main  spar.  All  residual  strength 
specimens  but  one  (GKIEI0),  incorporated  0-125  inch  2117  aluminium  alloy  rivets. 


3.  SPECIMEN  TESTING  AND  INSPECTION 

Residual  strength  specimens  were  subjected  to  the  same  fatigue  loading  spectrum  as  the 
specimens  used  in  the  life-enhancement  program.  This  spectrum  was  a  simplified  version  (de¬ 
rived  by  Avions  Marcel  Dassault)  of  the  Swiss  Mirage  full  scale  wing  test  spectrum.  It  was 
transformed  into  a  100-flight  load  sequence  consisting  of  four  different  flight  types  (A',  A,  B,  C) 
as  illustrated  in  Fig.  6.  Cycles  of  +6-5g/-l -5g  and  +  7-5g/-2-5g  (39  cycles  in  100  flights) 
were  applied  at  a  cyclic  frequency  of  1  Hz,  the  remaining  1950  cycles  were  applied  at  3  Hz; 
sine  wave  loading  was  adopted. 

Fatigue  loads  on  the  specimens  were  based  on  the  assumption  that  +7-5g  corresponded 
to  a  gross  area  stress  (not  including  the  skin  plate)  of  180  MPa  at  the  SLAN  section  and  that 
there  was  a  linear  stress/g  relationship,  at  +  7  ■  5g  the  testing  machine  load  was  nominally  404  kN. 
All  fatigue  loads  were  applied  by  a  Tinius-OIsen  servo-controlled  electro-hydraulic  fatigue 
machine,  the  100-flight  load  sequence  being  achieved  using  an  EMR  model  1641  programmable 
function  generator  operating  with  punched  tape. 

There  were  24  specimens  used  in  this  test  program,  of  which  9  had  inclined  SLAN  rivet 
holes.  Nineteen  of  the  24  specimens  were  designated  as  residual  strength  specimens  prior  to  any 
testing,  the  others  were  used  in  the  residual  strength  program  after,  for  example,  machine  con¬ 
troller  failures.  These  five  specimens  will  be  discussed  more  fully  in  later  paragraphs. 

Each  of  the  19  specimens  designated  as  residual  strength  specimens  was  subjected  to  at 
least  2000  flights  of  the  fatigue  loading  sequence.  The  bolts  were  then  removed  and  the  bolt 
holes  in  the  specimen  inspected  for  cracks.  Non-destructive  inspections  were  performed  at  the 
Commonwealth  Aircraft  Corporation  Ltd  using  a  Fdrster  Defectomat  type  F2-825*  rotating 
probe  eddy  current  hole  inspection  instrument.  The  specimen  was  then  reassembled  and, 
depending  on  the  crack  length  detected  in  hole  (I)  and  the  crack  length  desired,  either  more 

*  Institut  Dr  Ldrstcr,  Reutlingen,  F-.R.  Germany. 


flights  of  the  fatigue  sequence  were  applied  or  the  specimen  was  set  aside  for  static  testing. 
Details  of  the  numbers  of  flights  applied  and  the  crack  lengths  detected  at  hole  (l)  are  contained 
in  Table  2(a)  (inclined  SLAN  rivet  hole  specimens)  and  Table  2(b),  (parallel  SLAN  rivet  hole 
specimens),  in  ascending  order  of  residual  strength.  One  residual  strength  specimen  (GZ2D4) 
failed  unexpectedly  during  the  application  of  the  fatigue  sequence  at  the  maximum  of  the  peak 
load  of  the  sequence. 

Three  parallel  SLAN  rivet  specimens  (GT2C,  GZ3D10,  GZ3A3),  originally  part  of  the 
life-enhancement  program,  were  used  as  residual  strength  specimens  after  fatigue  machine 
controller  malfunctions  resulted  in  extended  periods  of  constant-amplitude  cycling.  The  speci¬ 
mens  were  thus  made  invalid  for  their  original  purpose.  The  bolt  holes  in  these  specimens  were 
inspected  and  at  least  1000  flights  of  the  normal  fatigue  sequence  applied  before  static  testing. 
Complete  details  are  given  in  Table  2(b). 

One  specimen  (GK1C9)  which  failed  away  from  the  SLAN  section  during  the  life- 
enhancement  investigation  was  subsequently  broken  in  static  tension  through  the  SLAN  section 
and  the  result  is  given  in  Table  2(A).  Additionally,  specimen  GK1E10,  (a  life-enhancement 
specimen  that  failed  at  the  maximum  of  the  peak  load  of  the  fatigue  sequence)  is  included  in 
Table  2(A)  as  an  example  of  low  residual  strength.  GK1E10  incorporated  2-5  mm  A-U4G 
SLAN  rivets,  the  only  specimen  mentioned  in  this  Report  to  do  so. 

All  specimens  (except  GZ2D4  and  GK1E10)  were  broken  in  static  tension  in  a  100  tonne 
Amsler  Universal  testing  machine,  the  failure  loads  being  recorded  to  an  accuracy  of  5  kN. 
As  the  100  tonne  Amsler  was  unavailable  early  in  the  residual  strength  program  the  first  specimen 
used  (GN4G)  was  repeatedly  subjected  to  a  static  load  of  600  kN  (the  maximum  tensile  capability 
of  the  Tinius-Olsen  machine)  between  periods  of  fatigue  loading  under  the  100-flight  sequence. 


4.  DESCRIPTION  OF  FRACTURES 

After  static  failure  the  lengths  and  depths  of  cracks  originating  at  hole  (1)  were  measured 
using  a  toolroom  microscope  (the  measurement  conventions  adopted  are  shown  in  Fig.  7). 
Photographs  (Fig.  8)  were  taken  of  all  the  fracture  surfaces  and  these  were  used  to  determine, 
by  graphical  methods,  the  fatigue  crack  areas.  This  information  is  recorded  in  Table  3  (the  speci¬ 
mens  being  in  the  same  order  as  in  Table  2)  together  with  crack  length  estimates  made  using  the 
Fdrster  Defectomat  prior  to  static  testing,  the  failing  load  of  each  specimen  and  the  failing  load 
as  a  percentage  of  890  kN.  Unfortunately  no  uncracked  specimens  were  tested  in  static  tension, 
but  890  kN  represents  an  estimate  of  the  uncracked  specimen  failing  load  based  on  the  static 
tensile  data  recorded  in  Table  1  and  the  strengths  of  specimens  with  small  cracks. 

As  might  be  expected  the  extent  of  fatigue  cracking  affects  the  residual  strength  of  the  cracked 
specimen.  For  specimens  which  had  a  high  residual  strength,  multiple  small  cracks  are  visible 
on  the  fracture  surface  at  both  the  front  and  rear  of  hole  (1).  These  cracks  extend  from  about 
the  midpoint  of  the  section  to  the  'outer’  or  skin  face  of  the  specimen,  e.g.  specimens  GT2D  of 
Fig.  8(a)  and  GT1K  of  Fig.  8(A). 

A  reduction  in  specimen  residual  strength  is  associated  with  the  development  (by 
coalescence  and  increase  in  depth)  of  the  multiple  cracks  along  the  bore  of  hole  (1),  leading  to  a 
larger  crack  at  the  rear  of  hole  ( 1 )  than  at  the  front.  Small  cracks  are  also  evident  along  the  bore 
of  hole  (2),  e.g.  specimens  GZ2B2  of  Fig.  8(a)  and  GZ3DI0  of  Fig.  8(A)*. 

Finally,  the  fracture  faces  of  specimens  of  low  residual  strength  show  the  development  of  a 
large  crack  at  the  rear  of  hole  (1)  (often  reaching  the  surface  at  the  rear  side  of  the  specimen) 
and  more  extensive  crack  growth  forward  of  hole  (I)  and  along  the  bore  of  hole  (2).  For  some 
specimens  small  cracks  are  apparent  along  the  bore  of  hole  (3),  e.g.  specimens  GT3J  of  Fig.  8(a) 
and  GK IE  10  of  Fig.  8(A). 

*  Crack  development  in  the  rivet  holes  during  fatigue  loading  was  not  measured  not  only  because 
it  would  have  required  the  complete  disassembly  of  the  specimen,  but  also  because  no  eddy- 
current  probes  of  the  appropriate  size  were  available.  Cracking  associated  with  the  SLAN  rivet 
holes  was  not  considered  in  the  analysis  of  residual  strength. 


5.  ANALYSIS  AND  DISCUSSION 


Is  it  possible  to  estimate  the  static  residual  strength  of  a  cracked  specimen  using  only  the 
information  about  the  crack  provided  by  NDI?  A  plot  of  total  estimated  crack  length  for  each 
specimen  (the  sum  of  the  length  of  all  cracks,  rear  and  forward,  at  hole  (1)  estimated  using  the 
Fdrster  Defectomat)  against  residual  strength  (as  a  percentage  of  890  kN)  is  shown  in  Fig.  9* 
and  a  plot  of  the  estimated  crack  length  at  the  rear  of  hole  (1)  (the  larger  crack)  against  residual 
strength  in  Fig.  10.  Although  these  figures  show  that  the  residual  strength  tends  to  decrease  as 
crack  length  increases  they  do  not  indicate  a  good  correlationf  between  crack  length  (as  esti¬ 
mated  by  NDI)  and  residual  strength  (r2  =  0-56  for  Fig.  9,  r2  =  0-29  for  Fig.  10).  Therefore, 
for  a  given  estimated  crack  length  it  is  not  possible  to  make  an  accurate  prediction  of  residual 
strength.  Estimates  of  a  lower  bound  to  residual  strength  for  a  given  crack  length  (as  estimated 
by  the  present  NDI  method)  can  be  made  however.  A  boundary  line  may  be  drawn  between 
the  region  of  the  Figure  where  failures  have  occurred  and  the  region  where  no  failures  (in  this 
investigation)  have  occurred  and  this  line  may  be  used  to  estimate  a  minimum  residual  strength. 
Alternatively,  a  line  representing  the  lower  limit  of  a  confidence  interval  (derived  from  the  re¬ 
gression  analysis)  may  be  drawn  and  used  to  estimate  a  minimum  residual  strength.  In  Figs  9 
and  10  both  a  lower  boundary  line  and  the  lower  limit  of  the  95%  confidence  interval  have  been 
drawn. 

An  outcome  of  the  present  investigation  is  a  check  on  the  accuracy  of  crack  measurements 
made  using  the  equipment  and  techniques  available  to  the  RAAF.  Figure  1 1  shows  the  relation¬ 
ship  between  individual  fatigue  crack  lengths  as  estimated  using  the  Fftrster  Defectomat  type 
F2-825  instrument  prior  to  static  failure  and  the  actual  fatigue  crack  lengths  measured  (after 
static  failure)  using  a  toolroom  microscope.  To  aid  interpretation  of  these  data  the  line 
‘measured  crack  length  =  estimated  crack  length’  is  included. 

Figure  1 1  shows  that  most  crack  lengths  are  overestimated  when  measured  by  this  NDI 
technique,  only  five  of  the  39  points  plotted  indicate  an  underestimate  of  crack  length.  The 
‘best  fit’  curve  to  the  data  is  a  power  curve  with  r2  —  0-79  and  this  shows  that  for  estimated 
crack  lengths  up  to  about  16  mm  the  degree  of  overestimation  of  crack  length  using  the  NDI 
technique  is  small,  e.g.  for  an  estimated  crack  length  of  8  mm  the  ‘expected  actual  length’  is 
7  mm,  for  an  estimated  length  of  16  mm  the  ‘expected  actual  length’  is  13-2  mm. 

Increasing  the  accuracy  of  NDI  estimates  of  crack  length  would  allow  more  accurate  pre¬ 
dictions  of  specimen  residual  strength.  Figure  12  is  a  plot  of  the  sum  (for  each  specimen)  of  the 
actual  fatigue  crack  lengths  front  and  rear  of  hole  (1),  measured  using  a  toolroom  microscope, 
against  the  residual  strength  (as  a  percentage  of  890  kN)  and  Fig.  13  is  a  plot  of  the  actual  crack 
lengths  at  the  rear  of  hole  (1)  against  residual  strength.  The  correlation  coefficients  are: 
r2  =  0-75  for  Fig.  12  and  r2  =  0-67  for  Fig.  13.  These  correlation  coefficients  are  an  improve¬ 
ment  on  those  for  the  data  presented  in  Figs  9  and  10.  They  confirm  that  more  accurate  NDI 
estimates  of  crack  length  would  allow  more  accurate  prediction  of  specimen  residual  strength. 

Using  the  ‘best  fit’  curve  to  the  data  in  Fig.  1 1  plots  of  ‘expected  actual  length’  against 
residual  strength  may  be  made.  Figure  14  is  analogous  to  Fig.  12 — the  sum  (for  each  specimen) 
of  the  ‘expected  actual  length'  front  and  rear  of  hole  (1)  is  plotted  against  the  residual  strength 
(as  a  percentage  of  890  kN)  and  Fig.  1 5  is  analogous  to  Fig.  1 3 — the  ‘expected  actual  length’ 
at  the  rear  of  hole  (I)  is  plotted  against  residual  strength.  The  correlation  coefficients  are: 
r2  =  0-57  for  Fig.  14  and  r2  =  0-29  for  Fig.  15.  These  correlation  coefficients  are  no  better 

*  The  data  presented  in  Figs  9  to  20  are  extracted  from  Table  3.  The  data  from  inclined  SLAN 
rivet  hole  specimens  (Table  3(a))  are  plotted  with  a  different  symbol  to  that  used  for  data  from 
parallel  SLAN  rivet  hole  specimens  (Table  3(b)),  but  no  attempt  has  been  made  to  analyze  the 
results  separately. 

t  First  and  second  order  polynomials  were  fitted  to  all  data  sets  presented  in  Figs  9  to  19.  In 
most  cases  the  improvement  in  fit  obtained  by  using  a  second  order  polynomial  was  not  large. 
Additionally,  third,  fourth  and  fifth  order  polynomials  and  a  power  curve  were  fitted  to  the  data 
presented  in  Fig.  18  and  a  power  curve  was  fitted  to  the  data  presented  in  Fig.  1 1.  Unless  other¬ 
wise  stated  the  correlation  coefficients  given  in  the  text  are  for  a  first  order  fit  to  the  data.  See 
the  Appendix. 
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than  those  for  the  data  presented  in  Figs  9  and  10.  Therefore  there  is  no  advantage  in  using  the 
best  fit  curve  to  the  data  in  Fig.  1 1  as  a  calibration  curve  for  the  crack  lengths,  as  estimated  by 
NDI,  in  making  specimen  residual  strength  predictions. 

The  non-destructive  inspection  technique  used  in  this  investigation  (and  by  the  RAAF) 
is  not  designed  to  measure  crack  depths.  It  is  conceivable  that  a  technique  capable  of  making 
accurate  crack  depth  measurements  could  be  developed.  Would  such  a  technique  increase  the 
accuracy  of  residual  strength  predictions?  Figure  16  is  a  plot  of  the  sum  (for  each  specimen) 
of  the  actual  maximum  crack  depths  front  and  rear  of  hole  (1)  against  residual  strength  (as  a 
percentage  of  890  kN)  and  Fig.  17  is  a  plot  of  the  crack  depths  at  the  rear  of  hole  (1)  against 
residual  strength.  The  correlation  coefficients  are:  r2  =  0-78  for  Fig.  16  and  r2  =  0-72  for 
Fig.  17.  These  correlation  coefficients  are  very  similar  to  those  for  the  data  presented  in  Figs  12 
and  13.  It  appears  that  an  accurate  knowledge  of  the  crack  depth  (used  without  other  infor¬ 
mation)  is  no  better  than  an  accurate  knowledge  of  crack  length  as  a  parameter  for  predicting 
residual  strength. 

If  accurate  crack  depth  and  length  measurements  can  be  made  it  is  likely  that  estimates 
may  be  made  of  crack  areas.  Figure  18  is  a  plot  of  total  crack  area  (for  each  specimen)  at  hole  (1) 
as  a  percentage  of  gross  area  against  residual  strength  (as  a  percentage  of  890  kN)  and  Fig.  19 
is  a  plot  of  the  crack  area  at  the  rear  of  hole  (1)  against  residual  strength.  The  correlation 
coefficients  for  a  second  order  polynomial  fit  are:  r2  =  0-79  for  Fig.  18*  and  r2  =  0-77  for 
Fig.  19.  These  correlation  coefficients  are  similar  to  (though  greater  than)  those  for  the  data 
presented  in  Figs  12  and  13  (crack  length  against  residual  strength)  and  similar  to  those  for  the 
data  presented  in  Figs  16  and  17  (crack  depth  against  residual  strength).  Thus  it  appears  that 
the  use  of  crack  area  as  a  predictor  of  residual  strength  will  be  little  more  accurate  than  the  use 
of  crack  depth  or  crack  length. 

In  each  pair  of  plots  discussed  above  the  higher  correlation  coefficient  has  been  for  the  case 
when  information  about  cracks  at  the  front  and  rear  of  hole  (1)  has  been  combined.  This  is 
expected,  any  cracking  forward  of  hole  (I)  will  affect  residual  strength  and  to  consider  cracking 
at  the  rear  of  the  hole  only  is  to  disregard  important  information.t 

The  methods  of  Linear  Elastic  Fracture  Mechanics  (LEFM)  can  (with  certain  provisos) 
be  used  to  predict  the  residual  strength  of  cracked  components  (Ref.  4).  However,  to  do  so  the 
crack  configuration  of  the  component  must  be  accurately  known  and  a  stress  intensity  factor 
solution  for  the  configuration  obtained.  The  NDI  technique  used  in  this  investigation  cannot 
make  quantitative  crack  depth  measurements  and  so  does  not  provide  enough  information 
to  allow  LEFM  methods  to  be  used  to  predict  specimen  residual  strengths.  On  the  assumption 
that  an  NDI  technique  capable  of  determining  the  crack  configuration  could  be  developed,  a 
brief  examination  of  some  of  the  relevant  literature  (e.g.  Refs  5,  6,  7)  was  made  to  see  if 
applicable  stress  intensity  factor  solutions  existed.  None  were  found. 

The  residual  strength  information  gathered  in  this  investigation  may  be  useful  as  a  check 
on  the  accuracy  of  future  stress  intensity  factor  solutions  for  cracks  from  holes  in  thick  sections. 
Specimen  geometry,  crack  dimensions,  failing  load  and  material  properties  are  known  and  are 
presented  in  this  Report.  It  is  likely  that  a  finite  element  analysis  would  be  more  successful 
than  a  theoretical  approach  to  the  problem  since  crack  shapes  are  irregular  and  the  specimen 
geometry  somewhat  complex. 

Unfortunately,  with  the  present  results  there  are  no  sets  of  specimens  with  very  similar 
crack  geometries.  Such  sets  could  be  used  to  establish  some  measure  of  any  scatter  in  residual 
strengths.  Since  linear  elastic  fracture  mechanics  depends  on  a  knowledge  of  crack  geometries 
information  about  the  scatter  in  residual  strengths  of  specimens  with  similar  crack  geometries 
would  give  some  insight  into  the  inherent  accuracy  limits  of  such  information. 

The  cracks  at  hole  (l)  develop  from  multiple  origins  along  the  bore  of  the  hole,  as  the  fatigue 
life  increases  each  crack  grows  and  individual  cracks  coalesce  (see  Section  4).  This  type  of  crack 

*  The  second  order  polynomial  fitted  to  Fig.  1 8  is  physically  unrealistic  since  there  is  a  minimum 
when  the  crack  area  is  7-6%  of  the  gross  area.  Third,  fourth  and  fifth  order  polynomial  fits 
also  have  minimums.  A  power  curve  does  not  give  as  good  a  correlation  coefficient  as  a  second 
order  polynomial. 

t  While  preparing  this  report  analysis  of  information  only  from  cracks  forward  of  hole  (I) 
was  performed,  but  correlation  coefficients  obtained  using  this  information  were  poor. 


extension  results  in  a  high,  but  variable,  crack  ‘aspect  ratio’  (length/depth).  Figure  20  is  a  plot 
of  individual  crack  depths  against  length  (measured  after  static  failure).  Included  as  part  of  this 
Figure  are  the  lines  ‘length  =  2  x  depth’  and  ‘length  =  3  x  depth’  representing  aspect  ratios 
of  2  and  3  respectively.  The  majority  of  cracks  with  lengths  of  less  than  14  mm  have  aspect 
ratios  of  greater  than  4  and  there  is  a  large  scatter  in  aspect  ratios  (mean  aspect  ratio  =  5-74, 
standard  deviation  =  3  •  67).  For  cracks  more  than  14  mm  long  the  aspect  ratio  is  close  to  3 
and  the  scatter  is  sharply  reduced  (mean  aspect  ratio  =  3-03,  standard  deviation  =  0-38). 

A  possible  reason  for  this  change  is  that  once  the  crack  length  exceeds  about  14  mm  the 
crack  growth  characteristics  change.  No  longer  does  growth  proceed  by  the  formation  and 
coalescence  of  multiple  cracks  along  the  hole  bore,  but  instead  crack  growth  occurs  by  the 
propagation  of  a  single  crack.  If  only  one  crack  is  present  and  no  further  cracks  initiate  then 
the  relationship  between  crack  length  and  depth  (the  ‘aspect  ratio’)  will  be  more  stable. 


6.  CONCLUSIONS 

A  limited  but  potentially  useful  amount  of  information  has  been  obtained  from  an  investi¬ 
gation  into  the  residual  strength  of  cracked  specimens  representing  a  part  of  the  lower  rear 
flange  of  the  main  spar  of  the  Mirage  IIIO  wing. 


1.  Knowledge  of  the  NDI  estimates  of  the  crack  length(s)  in  hole  (1)  of  the  specimen 
does  not  allow  an  accurate  estimate  of  the  specimen  residual  strength  at  this  section 
to  be  made.  However,  a  lower  bound  to  residual  strength  may  be  predicted. 

2.  The  non-destructive  inspection  equipment  in  use  by  the  RAAF  is  capable  of  making 
acceptable  estimates  of  the  lengths  of  cracks  in  holes.  The  estimated  crack  lengths  are 
usually  greater  than  the  actual  crack  lengths — a  conservative  error. 

3.  Increasing  the  accuracy  of  NDI  crack  length  estimates  would  allow  more  accurate 
estimation  of  the  specimen  residual  strength. 

4.  An  accurate  knowledge  of  crack  depth  or  crack  area  (assuming  the  development  of 
an  NDI  technique  capable  of  providing  this  information)  does  not  allow  a  better 
estimate  of  specimen  residual  strength  than  does  an  accurate  knowledge  of  crack 
length. 

5.  Better  estimates  of  specimen  residual  strength  are  possible  when  information  about 
cracks  at  the  front  and  rear  of  hole  (1)  is  combined  than  when  information  only  about 
cracks  at  the  front  or  rear  of  the  hole  is  used. 

6.  Since  the  NDI  technique  used  in  this  investigation  cannot  determine  crack  geometry 
Linear  Elastic  Fracture  Mechanics  techniques  cannot  be  used  to  make  specimen  residual 
strength  predictions.  If  an  NDI  technique  capable  of  determining  crack  geometry  was 
developed  a  suitable  stress  intensity  factor  solution  would  have  to  be  found. 
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APPENDIX 
Regression  Analyses 


All  regression  analyses  for  this  Report  were  performed  on  a  Hewlett-Packard  HP8S  desk 
top  computer  using  Hewlett-Packard  supplied  software. 

The  fitting  of  a  curve  to  the  data  does  not  imply  that  a  physical  relationship  of  the  same  kind 
is  expected. 


FIGURE  9 

A  first  order  polynomial  fit  to  the  data  gave  the  equation : 

%  Residual  strength  =  100-76 — 1  -238  (total  estimated  crack  length). 
r2  =  0-56 

The  lower  limit  of  the  95  %  confidence  interval  is  given  by : 
y  =  88  53-1-770* 


FIGURE  10 

A  first  order  polynomial  fit  to  the  data  gave  the  equation: 

%  Residual  strength  =  95  -87  —  1  -534  (estimated  crack  length). 
r2  =  0  29 


The  lower  limit  of  the  95%  confidence  interval  is  given  by: 
y  =  78-52-2-70* 


FIGURE  II 

A  power  curve  was  considered  to  be  a  better  fit  than  a  first  or  second  order  polynomial, 
the  equation  was: 

measured  crack  length  =  1  -025  (estimated  crack  length)0  922 


r2  =  0-79 


FIGURE  12 

A  first  order  polynomial  fit  to  the  data  gave  the  equation . 

%  Residual  strength  =  101  -41  —  1  -566  (sum  of  measured  crack  lengths) 
r2  =  0-75 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 
y  =  92-83  —  1  -977  x 

FIGURE  13 

A  first  order  polynomial  fit  to  the  data  gave  the  equation : 

%  Residual  strength  =  104-28— 2-694  (measured  crack  length) 
r2  =  0-67 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 
y  =  93  17  —  3-549* 

FIGURE  14 

A  first  order  polynomial  fit  to  the  data  gave  the  equation : 

%  Residual  strength  =  103  -0—1  603  (sum  of  expected  crack  lengths) 

r2  =  0-57 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 
y  =  90-28— 2-27 x 


FIGURE  15 

A  first  order  polynomial  fit  to  the  data  gave  the  equation: 

%  Residual  strength  97  ■  88  2-018  (expected  crack  length) 
r2  -  0-29 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 

y  =  79  20  -3-536x  -j 


FIGURE  16 


A  first  order  polynomial  fit  to  the  data  gave  the  equation: 

%  Residual  strength  =  91-66  — 3-887  (sum  of  measured  crack  depths) 
r2  =  0-78 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 
y  =  86- 1-4-808* 


FIGURE  17 

A  first  order  polynomial  fit  to  the  data  gave  the  equation : 

%  Residual  strength  =  93  -38—6  -632  (measured  crack  depth) 
f-2  =  0  72 

The  lower  limit  of  the  95  %  confidence  interval  is  given  by : 
y  =  86-64  -8-449* 


FIGURE  18 

A  second  order  polynomial  was  considered  to  be  a  better  fit  than  a  first  order  polynomial, 
the  equation  is: 

%  Residual  strength  =  88  -38  —  1 1  -  568  (total  crack  area) 

+0-756  (total  crack  area)2 
r2  =  0-79 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 

y  =  82-87-16-272*  +  0-l68*2 


FIGURE  19 

A  second  order  polynomial  was  considered  to  be  a  better  fit  than  a  first  order  polynomial, 
the  equation  is: 

%  Residual  strength  =  87-22 — 12-411  (crack  area) 

+0-739  (crack  area)2 
r2  =  0-77 

The  lower  limit  of  the  95%  confidence  interval  is  given  by: 


y  =  80-75  —  20-904*— 0-965  *2 


TABLE  1 

Properties  of  test  material 

(a)  Chemical  composition 


Plate  batch  serial  No. 

'Specification 

GK 

GN 

GT 

GZ 

A7-U4SG  (2214)  (%) 

Cu  3  9-5-0 

4-56 

4  40 

426 

MEM 

Mg  0-2-0-8 

0-38 

0-33 

0  35 

SB&fl 

Mn  0-4-12 

0-62 

0-60 

0-66 

Fe  0-30  max. 

0-24 

0-24 

0  14 

0-19 

Si  0-5-1 -2 

0-73 

0-77 

0-73 

0-72 

Ti  0-15  max. 

0-01 

0  02 

0-02 

0  02 

Cr  0-10  max. 

Zn  0-25  max. 

jNot  analyzed 

( b )  Static  tensile 


'Specification 

A7-U4SG-T65I 

(2214-T651) 

Plate  batch  serial  No. 

! 

GK 

GN 

GT 

GZ 

0  1%  proof  stress  (MPa) 

— 

440-5 

444-7 

449  5 

450-8 

0  -1%  proof  stress  (psi) 

63,900 

64,500 

65,200 

65,400 

0  •  2  %  proof  stress  (MPa) 

390 

446-3 

451-0 

455-2 

457-9 

0  •  2  %  proof  stress  (psi) 

56,600 

64,700 

65,400 

66,000 

66,400 

Ultimate  stress  (MPa) 

450 

488-3 

493-2 

497-1 

508-8 

Ultimate  stress  (psi) 

65,300 

70,800 

71,500 

72,100 

73,800 

Elongation  ( %) 

5 

10- 1 

12-3 

114 

115 

(5-65VA) 

0-1%  PS/Ult 

0-90 

0-90 

0  90 

0  89 

(c)  Fracture  toughness 


Plate  batch  serial  No. 

.  • 

Pooled 
values 
(34  tests) 

GK 

(10  tests) 

GN 

(11  tests) 

GT 

(5  tests) 

GZ 

(8  tests) 

' 

Average  s.d. 

Average 

s.d. 

Average 

s.d. 

Average 

s.d. 

Average  s.d. 

MPa.m* 

30-3  0-5 

33-2 

12 

32-4 

1-8 

32-0 

0-5 

319  15 

ksi.in.* 

27-6  0-4 

30-2 

, 

1-1 

29-5 

16 

29  I 

0-5 

29  1  14 

i 

*  Conditions  de  controle  des  produits  lamines  en  alliages  d' aluminium  utilises  dans  les  constructions 
aerospatiales.  Ministere  de  la  Defense,  Direction  Technique  des  Construction  Aeronautiques 
AIR  9048,  Edition  No.  I,  26  December  1978,  p.  91. 


!  Crack  lengths  by  ND1  at 


Specimen  number 
and  type 

I 

Total 

flights 

hole  (1 

)  (mm) 

Rear 

Forward 

GT20 

3000 

10 

4000 

12 

TYPE  3 

4500 

12-5 

6 

5500 

14 

11 

. 

6000 

18  5 

14 

GT3J 

4000 

8 

6 

i 

5000 

15  5 

9-5 

TYPE  3 

5500 

22-5 

18  5 

GZ2D9 

2000 

6 

— 

2800 

7 

— 

TYPE  4 

3500 

9 

indication 

4000 

115 

4 

4300 

11 

6 

4700 

13 

7 

GT3C 

2000 

1-5 

— 

i 

3000 

5 

— 

TYPE  3 

4000 

6 

— 

5000 

12-5 

5-5 

5500 

12-5 

7 

6000 

14 

10 

GT3N 

3000 

indication 

2 

4000 

6 

4 

TYPE  3 

1 

5000 

i 

19  5 

5-5 

GZ2B2 

2000 

8 

mem 

2500 

9-5 

TYPE  4 

3000 

10 

3200 


II 


12-5 


TYPE  4 


I 


Specimen 

number 


Total 

flights 


GK1E10 


GZ2D4 


GTIC 


GN4G 


GT2C 


GZ3D10 


GT3M 


Crack  lengths  by  NDI  at 
hole  (1)  (mm) 


Rear 

Forward 

8542 

no  measurement 

no  measurement 

3000 

115 

6 

4000 

14 

8 

4500 

14 

9 

4900 

16 

11 

5342 

no  measurement 

no  measurement 

2700 

_ 

_ 

4000 

— 

— 

5000 

7 

3  5 

6000 

10-5 

4 

7000 

16 

11 

_ 

— 

■BIMJhKs 

— 

— 

1  4500 

6 

— 

9 

— 

15 

5 

7000t 

16 

7 

7400 

16 

5 

7866f 

17 

7 

8345t 

18 

9 

8845 1 

195 

9345f 

195 

9745t 

25 

11 

10145 

25 

11 

unknown} 

9-5 

6 

+  1100 

14 

6-5 

unknown} 

85 

4-5 

+  1000 

19 

7 

3000 

3-5 

— 

5000 

7 

5 

5500 

12-5 

7 

3000 

3-5 

5 

4000 

6-5 

2-5 

5000 

9-5 

6 

5100 

12 

7-5 

6100 

12 

9 

GZ2AI2 


Specimen 

number 

Total 

flights 

Crack  length 
hole  (1 

is  by  NDI  at 
)  (mm) 

Rear 

Forward 

GTIK 

2500 

_ 

— 

4000 

2 

— 

5000 

7 

— 

6000 

8 

6 

GN3L 

2000 

8-5 

— 

2500 

9-5 

— 

GZ2B9 

3000 

7 

— 

4000 

9 

— 

5000 

11,  5  5* 

7 

5500 

17-5 

7 

GT3B 

3000 

4-5 

— 

4000 

4-5 

— 

6000 

7 

— 

6500 

8-5 

6  5 

6900 

9 

6 

GZ3A3 

unknown^ 

4 

4-5 

+  1000 

7 

6 

GKIC9 

7182 

no  measurement 

no  measurement 

GN3D 

_ 

— 

2700 

1-5 

— 

3400 

45 

— 

3900 

5-5 

— 

4200 

6 

— 

5200 

II 

— 

6200 

10  5 

indication 

7000 

10-5 

indication 

7500 

12-5 

5 

*  Two  separate  cracks  detected. 

t  Attempt  to  break  specimen  in  a  machine  of  600  kN  maximum  capacity. 
}  Not  known  because  of  fatigue  testing  machine  controller  malfunction. 


TABLE  3(a) 


Inclined  SLAN  rivet  bole  specimens.  Failing  loads  and  crack  dimensions  at  bole  (1) 


1  1 

Specimen  Failing  Failing  Pre-static  failure  crack 

Post-static  failure  crack 

Fatigue 

number  load  1  load  as  |  length  estimates  (using 

parameter  measurements 

cracked 

and  type  (kN)  %  of  [  Fdrster  Defectomat) 

(using  microscope) 

area  as 

,  8Q0  kN ' 

°/  of 

/O 

Rear  ;  Forward 

Total 

Rear 

Forward 

Total 

gross 

;  : 

area 

GT20  395  44  L  18  5  14 

32-5 

L  172 

13  3 

30-5 

i 

D  6-6 

4-5 

111 

TYPE  3 

A  95 

23-5 

118-5 

5-3 

GT3J  465  52  L  22-5  18-5 

41 

L  16  3 

11-3 

27-6 

D  48 

3-9 

8-7 

TYPE  3  j 

A  57 

19 

76 

3-4 

GZ2D9  585  66  L  13  7 

20 

L  11-8 

5-6 

17-4 

D  3-9 

11 

50 

TYPE  4 

A  29 

4-5 

33  5 

1-5 

GT3C  605  68  L  14  10 

24 

L  12  9 

10 

22-9 

D  2-2 

12 

3-4 

TYPE  3 

A  17-5 

5-5 

23 

10 

GT3N  625  70  L  19  5  5-5 

25 

L  13  6 

5-5 

19  1 

D  0-8 

0-7 

1-5 

TYPE  3 

A  5 

2 

7 

0  3 

GZ2B2  640  72  HI  12-5 

23-5 

L  10  2 

113 

21  5 

D  2  6 

2-3 

4  9 

TYPE  4 

A  15-5 

14 

29  5 

13 

GT2F  740  83  L  9  — 

9 

L  7-6 

_ 

7  6 

, 

D  II 

— 

11 

TYPE  3 

A  6 

| 

— 

6  i 

0  3 

GT2D  825  93  L  12  2 

14 

L  5  5 

17 

7-2 

D  0-7 

0-3 

10 

TYPE  3 

i 

A  2 

0-5 

2-5 

0-1 

GZ2A8  845  95  L  16  2 

18 

L  8,7*  i 

2  ! 

17 

| 

D  I  7,| 

1 

0-4 

2  It 

TYPE  4 

A  10, 

0-5 

15 

0  7 

45  ■ 

1 

L  —  crack  length  (mm)  D  =  crack  depth  (mm)  A  =  crack  area  (mm2) 


*  Two  separate  cracks. 

t  Sum  of  deeper  crack  at  rear  of  hole  (I)  and  crack  forward  of  hole  (I). 


Specimen  Failing  Failing  Pre-static  failure  crack 

number  load  load  as  length  estimates  (using 

(kN)  %  of  FOrster  Defectomat) 

890kN - 

Rear  Forward  Total 


GZ2D4  405  !  46 


M 


GT1C  | 

j 

425 

48 

L  16  |  1 

GN4G 

595 

i 

67 

L  25  1 

1 

1 

1 

GT2C 

610 

69 

L  14  6 

GZ3D10 

645 

72 

1 

L  19 

j 

GT3M 

670 

75 

1 

1 

1 

L  12-5 

GZ2AI2 

685 

.[ 

77 

1 

L  12 

GT1K 

720 

81 

— - 1 - 

L  8 

GN3L  740  83 


L  20  -1 
D  6  1 
Alll 


D  6  3 
A  73 


D  5  6 
A  62 


14-6 

34-7 

4-5 

10  6 

47 

158 

9  6 

25-7 

3-6 

9  9 

22-3 

95  3 

101 

29  1 

1  7 

7-3 

10 

72 

5 

16  5 

1-2 

4-4 

4 

32-5 

•5  L  12-8 ; 
D  2-2 
A  14-5 


L  12  2 ; 
D  3  ! 

A  6  i 


L  II 
D  0  7 1 
A  51! 


14 

41 

8-5 

20-7 

2-7 

5-7 

1 

7 

— 

11 

_ 

0-7 

—  | 

5  1 

TABLE  3(b)  (continued) 


Parallel  SLAN  rivet  hole  specimens.  Failing  loads  and  crack  dimensions  at  bole  (1) 


Specimen 

number 

Failing 

load 

<kN) 

Failing 
load  as 

°/o°f 
8001-  M 

Pre-static  failure  crack 
length  estimates  (using 
Forster  Defectomat) 

Post-static  failure  crack 
parameter  measurements 
(using  microscope) 

i 

Fatigue 

cracked 

area  as 
O/  of 

Rear 

Forward 

Total 

Rear 

Forward 

Total 

/o 

gross 

area 

GZ2B9 

745 

84 

L  17  5 

7 

24-5 

L 

13  3 

6-7  ! 

20 

D 

3-3 

0-8  i 

4  1 

A 

28 

4 

32 

14 

GT3B 

745 

84 

L  9 

6 

15 

L 

7-9 

5-8 

13  7 

D 

20 

0  4 

2-4 

A 

12 

1 

13 

0-6 

GZ3A3 

755 

85 

L  7 

6 

13 

L 

2-3 

4-5 

6-8 

D 

II 

1-9 

3  0 

A 

1 

5 

6 

0-3 

GK.IC9 

790 

89 

L  — 

— 

_ _ 

L 

4-5 

— 

4-5 

D 

1 

— 

1 

A 

4 

— 

4 

0-2 

GN3D 

790 

89 

L  12  5 

5 

17-5 

L 

111 

5 

16  1 

D 

31 

0-4 

3-5 

A 

23 

2 

i 

25 

II 

L  crack  length  (mm).  D  =  crack  depth  (mm).  A  =  crack  area  (mm2). 


FIG.  2  MAIN  SPAR  LOWER  SURFACE,  REAR  FLANGE  DETAIL. 


Compact  tension 
fracture  toughness  specimen 


I  /"  N 

I  (  \ 

II 


SLAN  section 


Tension  specimen 


O  00 _ 


o 

o_ 

o 

o 

o 


l _ J 


FIG.  4  LOCATIONS  OF  TENSION  AND  FRACTURE  TOUGHNESS  SPECIMENS 


100  FLIGHTS  (1989  CYCLES)  REPRESENT  66.6  HOURS  OF  FLYING 


FIG.  6  FRENCH  100  FLIGHT  MIRAGE  m  F LIGHT-BY-FLIGHT  SEQUENCE 


L  =  crack  length 
D  =  crack  depth 


FIG.  7  CRACK  MEASUREMENT  CONVENTIONS 


GT3J 

Type  3  specimen 
Flights 

applied:  5500 
Failing 

load:  465  kN 


GZ2D9 

Type  4  specimen 
Flights 

applied:  4700 
Failing 

load:  585  kN 


FIG.  8(a)  FRACTURE  SURFACES  OF  INCLINED  SLAN  RIVET  HOLE  STATIC  RESIDUAL 
STRENGTH  SPECIMENS  ARRANGED  IN  ORDER  OF  INCREASING  RESIDUAL 
STRENGTHS. 


Type  3  specimen 
Flights 

applied:  4300 
Failing 

load:  740  kN 


GT2D 

Type  3  specimen 
Flights 

applied:  3000 


GZ2A8 

Type  4  specimen 
Flights 

applied:  5300 
Failing 

load:  845  kN 


applied:  10145 


FIG.  8(b)  CONTINUED 


GN3L 


Flights 

applied:  2500 
Failing 

load:  740  kN 


GZ2B9 

Flights 

applied:  5500 
Failing 

load:  745  kN 


GT3B 

Flights 

applied:  6900 
Failing 

load:  745  kN 


NDI  estimate  of 


%  Residual  strength 


%  Residual  strength 


%  Residual  strength 


total  length  of  cracks  in  hole  (1)  (mm) 

'Best  fit'  straight  line 

100.8  —  1.24  (total  estimated  crack  length) 
Lower  boundary  line 
100-  1.93  (total  estimated  crack  length) 
Lower  limit  of  95%  confidence  interval 
88.5  —  1.77  (total  estimated  crack  length) 


SPECIMEN  RESIDUALSTRENGTH  vs  SUM  OF  NDI  ESTIMATES  OF  CRACK 
LENGTHS  FRONT  AND  REAR  OF  HOLE  (1) 


NDI  estimate  of  crack  length  at  rear  of  hole  (1)  (mm) 


%  Residual  strength 
%  Residual  strength 
%  Residual  strength 


'Best  fit'  straight  line 

95.9  -  1.53  (estimated  crack  length) 

Lower  boundary 

100  —  3.25  (estimated  crack  length) 
Lower  limit  of  95%  confidence  interval 
78.5  —  2.70  (estimated  crack  length) 


FIG.  10  SPECIMEN  RESIDUAL  STRENGTH  vs  NDI  ESTIMATE  OF  CRACK  LENGTH 
AT  REAR  OF  HOLE  (1) 


Post  failure  measurement  of  crack  length  (mm) 
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10 
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FIG.  11 


^  Inclined  SLAN 
specimens 
+  Parallel  SLAN 
specimens 
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NDI  estimate  of  crack  length  (mm) 

- 'Best  fit'  curve 

Measured  crack  length  =  1.025  (estimated  crack  length)0922 
r2  =  0.79 

-  measured  length  =  estimated  length 


ACCURACY  OF  CRACK  LENGTH  MEASUREMENTS  USING  FORSTER 
DEFECTOMAT  EQUIPMENT 


Sum  of  measured  crack  lengths  front  and  rear  of  hole  (1)  (mm) 


Residual  strength 


'Best  fit'  straight  line 

101.4  —  1.57  (sum  of  crack  lengths) 

0.75 


FIG.  12  SPECIMEN  RESIDUAL  STRENGTH  vs  SUM  OF  MEASURED  CRACK  LENGTHS 
FRONT  AND  REAR  OF  HOLE  (1) 


Measured  crack  length  at  rear  of  hole  (1)  mm 


—  —  —  'Best  fit' straight  line 
Residual  strength  =  104.3  —  2.69  (measured  crack  length) 
rJ  =  0.67 


FIG.  13  SPECIMEN  RESIDUAL  STRENGTH  vs  MEASURED  CRACK  LENGTH 
AT  REAR  OF  HOLE  (1) 
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\l 

\ 

!\ 

1  \ 


N+  , 
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!  \*  + 
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r1 


Sum  of  expected  actual  crack  lengths  front  and 
rear  of  hole  (1)  (mm)  —  derived  from  Fig.  1 1 

—  —  —  -  'Best  fit' straight  line 
Residual  strength  =  103.0  —  1.60  (sum  of  expected  crack  lengths) 
rJ  =  0.57 


FIG.  14  SPECIMEN  RESIDUAL  STRENGTH  vs  SUM  OF  EXPECTED  ACTUAL  CRACK 
LENGTHS  FRONT  AND  REAR  OF  HOLE  (1) 


Expected  actual  crack  length  at  rear  of  hole  (1)  (mm) 
Derived  from  Fig.  11 


—  —  —  'Best  fit'  straight  line 
Residual  strength  =  97.9  —  2.02  (expected  crack  length) 
rJ  =  0.29 


FIG.  15  SPECIMEN  RESIDUAL  STRENGTH  vs  EXPECTED  ACTUAL  CRACK  LENGTH 
AT  REAR  OF  HOLE  (1) 


Sum  of  measured  maximum  crack  depths  front  and  rear  of  hole  ( 1 ) 


Residual  strength  = 
rJ  = 


'Best  fit'  straight  line 

91.7  —  3.89  (sum  of  crack  depths) 

0.78 


FIG.  16  SPECIMEN  RESIDUAL  STRENGTH  vs  SUM  OF  MEASURED  CRACK  DEPTHS 
FRONT  AND  REAR  OF  HOLE  (1) 


Measured  maximum  crack  depth  at  rear  of  hole  (1)  (mm) 


Residual  strength  = 
rJ  = 


'Best  fit'  straight  line 
93.4  —  6.63  (crack  depth) 
0.72 


FIG.  17  SPECIMEN  RESIDUAL  STRENGTH  vs  MEASURED  CRACK  DEPTH 
AT  REAR  OF  HOLE  (1) 


Fatigue  crack  area  as  a  %  of  SLAN  section  gross  area 


—  —  —  'Best  fit'  2nd  order  polynomial 
Residual  strength  =  88.4  —  1 1.57  (area)  +  0.76  (area)2 
rJ  =  0.79 


FIG.  18  SPECIMEN  RESIDUAL  STRENGTH  vs  SUM  OF  CRACKED  AREAS 
FRONT  AND  REAR  OF  HOLE  (1) 


Fatigue  crack  area  at  rear  of  hole  ( 1 )  as  a 
%  of  SLAN  section  gross  area 


Residual  strength 
r1 


'Best  fit'  2nd  order  polynomial 
87.2  -  12.41  (area)  +  0.74  (area)1 
0.77 


FIG.  19  SPECIMEN  RESIDUAL  STRENGTH  vs  CRACKED  AREA  AT  REAR  OF  HOLE  (1) 


Measured  crack  depth  (mm) 


0  1 


2  3  4  5  6 

Measured  crack  length  (mm) 


7 


FIG.  20  MEASURED  CRACK  LENGTH  vs  MEASURED  CRACK  DEPTH  AT  HOLE  (1) 
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